Wright State University

CORE Scholar
Browse all Theses and Dissertations

Theses and Dissertations

2020

Metal Coupon Testing in an Axial Rotating Detonation Engine for
Wear Characterization
Gary S. North
Wright State University

Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all
Part of the Engineering Science and Materials Commons

Repository Citation
North, Gary S., "Metal Coupon Testing in an Axial Rotating Detonation Engine for Wear Characterization"
(2020). Browse all Theses and Dissertations. 2317.
https://corescholar.libraries.wright.edu/etd_all/2317

This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE
Scholar. For more information, please contact library-corescholar@wright.edu.

METAL COUPON TESTING IN AN AXIAL ROTATING DETONATION ENGINE
FOR WEAR CHARACTERIZATION

A Thesis submitted in partial fulfillment of the
requirements for the degree of
Master of Science in Materials Science and Engineering

by

GARY S. NORTH
B. S., Colorado School of Mines, 2017

2020
Wright State University

WRIGHT STATE UNIVERSITY
GRADUATE SCHOOL
April 15, 2020
I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY
SUPERVISION BY Gary S. North ENTITLED Metal Coupon Testing in an Axial Rotating
Detonation Engine for Wear Characterization BE ACCEPTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF Master of Science in Materials Science
and Engineering.
_____________________________
H. Daniel Young, Ph.D.
Thesis Director
_____________________________
Raghavan Srinivasan, Ph.D., P.E.
Professor and Interim Chair,
Department of Mechanical and
Materials Engineering
Committee on Final Examination:

________________________________
H. Daniel Young, Ph.D.
________________________________
Raghavan Srinivasan, Ph.D., P.E.
________________________________
Christopher Stevens, Ph.D.

________________________________
Barry Milligan, Ph.D.
Interim Dean of the Graduate School

ABSTRACT
North, Gary S. M.S.M.S.E., Department of Mechanical and Materials
Engineering, Wright State University, 2020. Metal Coupon Testing in an Axial Rotating
Detonation Engine for Wear Characterization.

Rotating Detonation Engines (RDE) are being explored as a possible way to get
better fuel efficiency for turbine engines than is otherwise possible. The walls of the RDE
are subjected to cyclic thermal and mechanical shock loading at rates of approximately 3
KHz, with gas temperatures as high as 2976 K. This project performed testing with
Inconel 625 and 304 stainless steel coupons in an RDE outer body to attempt to measure
material ablation rates. Significant microstructural changes were observed to include
grain growth in both alloys, carbide formation and grain boundary melting in Inconel,
and formation of delta ferrite in the stainless steel. The testing performed in this study
was unable to generate a wear rate for either material. The Inconel coupons exhibited
threshold behavior, with no measurable material loss below a critical temperature, and
near instantaneous melting and failure above that temperature. The 304 survived the most
aggressive test conditions the facility could produce without measurable ablation. Longer
duration testing is required in order to determine a damage rate for these materials under
a detonative environment.
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INTRODUCTION

There is a constant drive to increase thrust and efficiency of aircraft propulsion
systems, driven by environmental and economic concerns as well as military mission
requirements. Traditional combustors can already achieve combustion efficiencies of
greater than 99%, so there is not much efficiency gain possible within a traditional
combustor. Rotating detonation engines (RDEs) could potentially be used in several
different ways; as an engine by itself, to replace (and shorten/lighten) the combustor in a
turbine engine, as an auxiliary power unit, or as a flame holder in an augmenter. This
provides the potential for a greater work output and thus greater fuel efficiency because
the RDE operates on a detonative combustion event rather than deflagration like legacy
combustors. This will be further discussed in section 2.1.
For any application on an aircraft, weight and cooling flow need to be minimized
in order to maintain performance of the aircraft. Additional weight will decrease
performance of the aircraft and reduces the amount of fuel or payload that can be carried.
Water cooling on aircraft is typically not acceptable due to weight, while any air that is
bled for cooling is reducing the engine performance because it cannot be used for thrust
generation. While some amount of fuel cooling is acceptable, the fuel has a limited heat
capacity that will frequently be at least partly used up elsewhere within the engine or
aircraft. This drives the desire to use minimal cooling, and allow parts to operate as hot as
possible.
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Some rate of wear on the walls of the RDE is inevitable and acceptable, just as the
liner of a combustor is expected to wear out over time. The rate at which this happens is
expected to be a function of operating conditions such as skin temperature and
environmental chemistry. Clearly, the higher the temperature, the quicker the engine will
wear out, though this is not necessarily a linear correlation. For a traditional combustor
liner, extensive research is performed by engine manufacturers to generate correlations
between wear rates and operating conditions for applicable materials. This data enables
design choices such as the quantity of cooling capacity required, and the minimum wall
thickness needed for a desired engine life. For RDEs, these studies are lacking. Some
investigations have been performed into the ablation rates of very soft ablative materials,
but most RDE testing is run either for very short duration (~2s), or with extensive water
cooling. These tests have generally focused on characterizing the performance and
operability envelope of the RDE with varying geometries.
It is predicted that the wear rates will be higher for the RDE compared to a
traditional combustor at the same temperature for several reasons. The RDE has a cyclic
thermal and mechanical shock loading due to the circumferential propagation of the
detonation wave, which is not present in a traditional combustor. The walls are also
subjected to what is nearly a point loading heat source, while a traditional combustor is
much more evenly heated. Finally, traditional combustors are frequently film cooled, and
there are concerns over the compatibility of this strategy with RDEs due to the pressure
deltas generated by the detonation. The current practice for predicting RDE life is to
simply take the wear rate predicted for a traditional combustion environment and apply a
large (and arbitrary) safety factor to it. While this is a workable solution for laboratory
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testing, it makes the engines much thicker and heavier than would be acceptable for a
flight component, and doesn’t have enough supporting data to be confidently cleared as a
flight critical component. Thus, there is a need to begin quantifying the wear rates of
applicable materials as a function of operating condition when subjected to an RDE
environment.
This project discusses the experimental procedures, testing, and analysis of
Inconel 625 and 304 stainless steel coupons tested as part of an RDE outer body.

1.1 RDE Coupon Testing
The RDE is based on the idea of injecting fuel (in this case Hydrogen) and an
oxidizer into an annular channel, where they can then combust (detonate). The shock
wave of the detonation provides the activation energy for the combustion, which in turn
drives the shock wave. As long as new reactants continue to be fed into the bottom of the
channel, the detonation continues to propagate circumferentially, with the reactants
exhausted out the other end. The detonation takes place in a channel which is between
concentric cylinders referred to as the center body and outer body. Note that it is possible
to have more than one detonation wave front propagating at a time; at higher flow rates of
fuel and air it is common to achieve multimodal detonation. This can significantly
increase the frequency of the shock loading, which is expected to further decrease life.
The detonation height in the channel can vary as a function of flow rate and type of fuel,
but is generally expected to be within 4 centimeters of the injection location. While many
RDEs feature an aerospike nozzle in order to aid in thrust recovery, this is not necessary
for basic operation. A schematic of this is shown in Figure 1 [1].
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Figure 1: Schematic of Rotating Detonation Engine modified from [1]
Testing entire center or outer bodies quickly becomes prohibitively expensive if
attempting to destroy them on each test, particularly when using high grade materials.
Thus, there is motivation to test smaller and geometrically simpler coupons first. In order
to perform coupon testing, a previously designed outer body was used which contains a
5.1 X 10.2 cm opening for coupons to be inserted. In order to provide better thermal
control, a cooled adapter is inserted into this gap which reduces the coupon size to 2.5 X
7.6 cm. More detail about this outer body and the coupon adapter will be provided in
section 3.1.3.

4

1.2 Research Objectives and Methodology
There are two main objectives to this research. The first objective is to generate a
relationship between the operating conditions of the RDE and the rate at which the wall is
damaged. This could then be used as a reference for more exotic material systems which
might be used in an operational RDE. The rate of damage to the coupon is thought to be a
factor primarily of the metal temperature and the environmental chemistry. As the total
flow rate through the RDE increases, so does the heat input into the metal. The same is
true as the conditions approach stoichiometric combustion, or an air to fuel mass ratio of
34:1. Thus, in general the higher the flow rate and the closer to stoichiometric the device
is run, the hotter the metal will get and the shorter the life based purely on temperature.
As the flow rate increases, it is also possible to achieve multimodal operation of the RDE,
where there are multiple detonation wave fronts. This greatly increases the frequency of
the shock loading to the outer body, which may further decrease engine life. The other
potential concern is rapid chemical attack at elevated temperatures leading to failure
before melting or exceeding physical stress limits. This is thought to be unlikely for the
relatively short time scales of immediate interest, but still needs to be explored. For this
reason, it is desired to obtain an understanding of the damage mechanisms present to
better predict life.
These are explored by testing at multiple different temperatures, obtained by
varying the flow rates. Because the edges of the coupon are still maintained at a lower
temperature than they would be in an uncooled engine, the back of the coupon must be
insulated in order to achieve desired metal temperatures which may be more
representative of those that would be found if using a complete uncooled engine. The
5

coupon temperatures for this study are lower than they would be for the same condition
in an uncooled engine due to heat transferred out of the coupon to the cooled
components. Analyzing coupons tested for varying times at different flow rates and metal
temperatures can show the resultant damage rates as a function of temperature. This type
of data could be used to generate guidelines for expected engine wear rates at different
RDE operating conditions and metal temperatures.
The second objective is to determine what the primary damage mechanism is,
and thus how well this can be used as a predictor of future damage. Due to facility and
cost limitations, test durations in this project were limited to 5 minutes. Thus, this data is
much more valuable if the rates obtained can be reliably extrapolated to longer timescales
which might be realistic mission lengths for an RDE, such as an hour. A general
guideline for accelerated lifetime testing is that as long as the damage mechanism doesn’t
change, the damage rate will stay the same for longer durations. If the damage
mechanism changes, these rates can be expected to change also, making accurate life
prediction much more difficult. Metallographic investigation into the test coupons can be
performed to attempt to determine what the driving damage mechanisms are, as well as if
new ones are expected to activate upon longer duration exposures [2].

2

LITERATURE REVIEW

In order to characterize the wear rates of coupons within an RDE it is useful to
have a basic understanding of how an RDE operates and what the test environment is.
This section introduces the fundamentals of detonation-based combustion, as well as the
differences between detonation and deflagration, which occurs in traditional combustors.
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The basic propertied of the tested alloys, Inconel 625 and 304 stainless steel, are
presented as well.

2.1 Detonation vs Deflagration
Combustion systems in use today rely on deflagration, which is the subsonic
combustion mode generally observed when burning any combustible material. While the
flame speed is dependent on the fuel, even hydrogen has a subsonic flame speed under
normal conditions. As the combustion takes place it generates increases in heat and
entropy. The heat increase adds energy to the system, which can then be extracted
through the turbine. These combustors are generally referred to as constant pressure
combustors (CPCs), though due to losses the exit pressure will be slightly lower than the
inlet. This means that the combustor inlet pressure must be slightly greater than the
desired turbine inlet pressure [3].
A detonation consists of two primary components; there is a supersonic shock
wave followed by combustion. These two processes sustain each other, as the increase in
temperature and pressure generated by the shockwave provide the activation energy
needed for combustion to occur, while the energy released by the combustion drives the
shockwave. As a result of the pressure generated by the shockwave, detonations have a
greater temperature increase than deflagrations, as well as a net pressure increase which
is not seen in deflagration. This indicates additional potential benefits in a turbine engine,
as getting a pressure rise out of the combustor could reduce the stages needed in the
compressor, reducing engine complexity, cost and weight. Detonation based combustors
are frequently referred to as pressure gain combustors (PGC) for this reason as well [3].
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Figure 2: Detonation Cell Size [4]
Detonations are 3-D events which realistically consist of a complex chain of
shocks and reaction zones, called cells. A simplified, 2-D version of this is shown in
Figure 2. The detonation wave which is propagating around the RDE consists of a 3-D
cluster of detonation cells, with each detonation cell providing the activation energy for
the next cell. The characteristic length of the detonation is called the cell size, and is
described as the maximum width of the detonation, measured perpendicular to the
direction of propagation. Cell size is dependent on the stoichiometry, initial temperature,
and initial pressure of the flow. The lower the initial temperature and pressure, and the
further away from a stoichiometric flow, the larger the cell size becomes (Figure 3). Cell
sizes may be on the order of 0.5 – 20 cm [4]. From a material standpoint, the cell size is
8

important as it correlates to the thermal and mechanical loading to the engine.
Experimental studies of the heat flux into the walls of a 15.2 cm RDE have found spikes
of over 25 MW/m2 at the detonation wave. The greatest heat transfer to the walls has
been found to occur at the top of the detonation wave height [5].

Figure 3: Left: Plot showing relationship between detonation cell size and
stoichiometry for hydrogen-air mixtures. Right: Plot showing relationship between
cell size and temperature for hydrogen-air mixtures [4].
Detonations also generate less entropy increase than deflagration, which means
there is more work available. A typical combustor is modeled using the Brayton Cycle,
which is applicable for constant pressure processes. This cycle isn’t valid for detonations
due to the pressure increase generated by the shockwave, and thus detonation engines are
frequently modeled by the Humphrey Cycle instead which is based on constant volume.
The comparison of these two cycles is shown graphically in Figure 4. The lower entropy
increase in the Humphrey Cycle allows for greater work output than the Brayton Cycle.
Several other cycles have been proposed to model a PGC as well, most notably the
Fickett-Jacob and Zeldovich, von Neumann, and Döring Cycles. While they are different
in the details of how they model the detonation event, they all indicate that the smaller
entropy rise during detonation will enable more work output than deflagration [3].
9

Figure 4: Temperature vs Entropy Plot Comparing the Humphrey and Brayton
Cycles [6]
A detonation must be initiated one of two ways. One option is to use a very
powerful ignition source which can ignite directly to a detonation. The necessary
activation energy for detonation can be as high as 1 MJ, which prevents direct ignition
from being practical in many cases. The activation energy to ignite deflagration however
is much lower, and thus the more common method of achieving detonation is through a
Deflagration to Detonation Transition (DDT). When the fuel and oxidizer are sufficiently
well mixed to have a fast burn rate, an applied shock can generate enough compression to
ignite the detonation wave. This is typically done with a device referred to as a predetonator which imparts sufficient shock to transition to detonation. Once ignited, the
detonation wave generates enough heat and compression to sustain itself in a detonative
mode as long as fuel and oxidizer continue to be supplied [3].

2.2 Detonation Engines
Now that detonations have been shown to have more potential work available
than deflagrations, it is necessary to determine a way to harness this work in a useful
10

way. This was first done with Pulsed Detonation Engines (PDE), which operated on a fill,
detonate, and purge cycle. While this was able to capture some potential benefits, it had
major drawbacks as well, as it generated thrust similarly to a single cylinder piston
engine, where only one of 4 (or in this case 3) strokes generated power. This limits the
possible power based on how quickly the engine can be filled and purged, and also makes
it impossible to have a steady power output. It also means that the detonation must be
repeatedly initiated through either direct ignition or DDT, which creates additional losses
and complexity. In order to improve on these problems, the RDE was theorized [3].
In an RDE, the detonation wave propagates continuously around an annular
channel, compared to the PDE where it is a pulse operation. The computational fluid
dynamics representation of this is shown in Figure 5. The continuous operating nature of
this means that it can produce constant power instead of the intermittent power stroke
seen in the PDE. While speeds vary based on operating conditions, the wave generally
circles the device at approximately 3 kHz, fast enough to appear as a constant output.
This also removes the necessity to repeatedly initiate the detonation, as the detonation
wave provides the needed energy to be self-sustaining [7].
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Figure 5: Computational Fluid Dynamic Representation of an RDE [7]
It becomes clear that there is a significant variance in temperature and pressure at
different places throughout the RDE, with the highest temperatures and highest pressures
occurring right at the detonation front. While the average gas temperature throughout the
engine may be similar to that of a traditional turbine engine combustor, the detonation
front itself is significantly hotter than this, and this elevated temperature is localized to a
relatively small portion at the head-end of the channel. For a hydrogen detonation the
temperature can reach 2703 °C with pressures of 28.3 bar when operating with an initial
temperature and pressure of just 22 °C and 1 bar [8]. For comparison, a hydrogen air
flame with similar initial conditions reaches approximately 2045 °C [9]. This can input
enough heat to cause an inadequately cooled Inconel part to glow white hot in seconds,
and to fail shortly after. Immediately behind the detonation wave, the channel is refilled
by fresh reactants which are entering the channel at just 22 °C. Even before the RDE can
get to this ‘steady state’ condition, it must survive the shock of the startup. When
detonation is achieved through a DDT, the time lag from the pre-detonator being fired to
12

the detonation wave igniting is on the order of milliseconds, meaning that the temperature
change of over 2500 °C occurs at approximately 2,500,000 °C/s.

2.3 High Temperature Material Research
Many materials and combinations of materials have been explored as potential
options for an RDE. While there are several options which are currently usable for
research purposes, none have yet been discovered that would be acceptable to use for a
fielded system, for a variety of reasons. Combustors are currently made of high
temperature metal superalloys which are designed to maintain strength and creep
resistance at the elevated operating temperatures they endure. This becomes increasingly
difficult as combustor designers want to push to increasingly higher temperatures which
would necessitate using refractory metals which are too heavy to be useful. This has
driven increased interest in ceramic matrix composites (CMCs) for these applications, as
they have an attractive combination of the high temperature capability of ceramics with
the strength and toughness of metals, while still being lightweight. High temperature
research in representative environments has been done with both categories of material
and will be discussed in sections 2.3.1 and 2.3.2. There have also been many experiments
conducted in RDEs, and studies of ablation in other environments; these will be discussed
in sections 2.3.3 and 2.3.4, respectively.

2.3.1 Metals
Combustion related applications have a few immediately apparent requirements
which limit the alloy families that need to be considered. Specifically, they need to be
able to withstand high temperatures in the neighborhood of 1000 °C and higher, and have
acceptable chemical stability to survive these environments for an extended period of
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time. These requirements mean that alloy families such as aluminum and copper can
generally be disregarded for these applications, with steels used rarely and only with
extensive cooling. Aerospace applications frequently use nickel, titanium, or refractory
based alloys due to their high temperature capabilities. Figure 6 shows some typical uses
of alloy families in a turbine engine, including nickel alloys in the combustion chamber,
and making up more than half the weight of most advanced aircraft engines [10]. More
exotic alloys are also used and in development, though the details for most of the truly
state of the art aerospace alloys are proprietary to various engine companies. The high
temperature properties of these alloys are of primary interest, and can be broken into
mechanical, thermal, and chemical properties. The following will provide a summary of
the three types of properties for the alloy families of interest for combustor or RDE
application, specifically the nickel-based superalloys and refractory alloys.

Figure 6: Typical alloy uses in turbine engines [10]

14

Most modern turbine engines rely on nickel-based superalloys for their
combustion chamber due to their excellent high temperature strength and chemical
stability, as these alloys can be used at a higher homologous temperature than any other
common alloy family. All of these alloys form an FCC austenitic matrix. Some are solid
solution strengthened, while others are precipitation strengthened, typically by γ’
precipitates. The additions of aluminum and titanium are necessary to form these
precipitates and help increase the high temperature strength, though they also decrease
the melting point. These can contain 20-60% γ’ by volume; increasing the amount of γ’
increases the high temperature properties, but decreases the workability. Therefore, cast
alloys can typically have higher amounts of precipitates (and therefore better high
temperature properties), while wrought alloys are typically limited to approximately 45%
by volume. One extremely important exception to the trend of being strengthened by γ’ is
Inconel 718, which precipitates γ’’ (Ni3Nb) due to the addition of niobium to it. This is
one of the strongest and most prevalent superalloys, though it generally is not be used
above 650 °C because the γ’’ becomes unstable and dissolves, creating a sharp decrease
in strength. The solid solution strengthened alloys (such as the Inconel 625 used in this
study) can also gain some strength from the precipitation of carbides, though it is not a
primary factor. Most of their strength comes from dissolved Cr, Mo, Fe, or W [10].
Table 1 shows some of the common alloying elements used and their purpose in
the alloy. Nickel-based alloys often have at least 10% Cr, near 8% of Al and Ti
(combined), and 5-15% Co. Chromium and aluminum are primarily added to form Cr2O3
and Al2O3 in order to protect the surface against further oxidation. At temperatures below
approximately 980 °C, the chromium content is more important for oxidation resistance
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since Cr2O3 will be stable; above this, the aluminum takes over since the Al2O3 will form
preferentially. While they may have enough Cr to protect against oxidation for extended
times, most superalloys don’t have enough Al for long term oxidation resistance above
980 °C. This effect is even worse when thermal cycling is involved. For this reason,
thermal and environmental barrier coatings are frequently applied to super alloy
components which are intended to be exposed to these elevated temperatures for long
time scales. These ceramic coatings can enable use at temperatures as much as 165 °C
higher than without, and can also be used to significantly extend life at their typical use
temperatures [10].
Table 1. Purpose of common alloying elements in superalloys [10]

The refractory metals have extremely high melting points, as much as 2-3 times
that of iron or copper. They also exhibit less thermal expansion than most other common
alloys, and have good high temperature strength and stability, which makes them
attractive for applications which require high temperatures and high strengths. The
primary drawbacks to this class of metals are that they have high densities and oxidize

16

readily even at low temperatures. This limits the ability to make lighter components and
means that they typically must be used in combination with a protective coating to
prevent oxidation. Rhenium in particular is also extremely rare and therefore expensive,
so the others (especially niobium) are more commonly used. Table 2 shows some key
properties of the refractory metals, along with the same properties for iron, copper, and
aluminum as a comparison [10].
Table 2. Key properties of refractory metals. Properties of iron, copper, and
aluminum included for comparison [10].

2.3.2 Ceramic Matrix Composites
Traditional ceramics have not generally been usable for structural applications
due to their extreme brittleness and low shock tolerance. This causes them not only to
break under many applications which inherently feature shocks and vibrations, but to
break catastrophically and without warning. For this reason, metals have historically been
the preferred choice for high temperature and strength applications, despite ceramics
being able to survive at higher temperatures, having better corrosion resistance, and often
equal or better strength. CMCs represent an attempt to solve the brittleness problem of
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ceramics. Figure 7 shows the strength to weight ratio as a function of temperature for
several material families, demonstrating how CMCs can drastically outperform even
nickel superalloys at combustor relevant temperatures. Increasing the allowable skin
temperature means that cooling flow can be reduced, which increases engine efficiency
[11].

Figure 7: Strength to Weight Ratios of Different Material Classes [11]
Ceramic Matrix Composites are a type of ceramic composite material which
consists of a weaker ceramic matrix reinforced with much stronger ceramic fibers. This
enables materials with a good combination of high strength and acceptable toughness. In
order for this to be successful, there are upper and lower bounds on the strength of the
interface between the fibers and the matrix. If the interface is too weak, there is
insufficient interaction between the two and they won’t effectively reinforce each other
and can fail through delamination; if the interface is too strong, cracks which form in the
matrix then propagate through the fibers and induce early failure. There are several
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different combinations of matrix/fiber which can be used for this; some of the most
common are C/C, C/SiC, SiC/SiC, and Oxide/Oxide. Each has unique properties which
can be advantageous or detrimental for different applications [12].
Two of the primary drawbacks to CMCs are anisotropy and manufacturability.
Composites made with continuous, high aspect ratio fibers tend to be extremely
anisotropic, with much greater strength parallel to the fibers than in any other direction.
While this may be a minor issue for much of the combustor where the loading is
relatively simple, some components will experience multiaxial loading which requires
sufficient strength in all directions. There is work underway to develop 3D materials
which have fibers in all directions in order to minimize the anisotropy present in these
CMCs [11]. While many of these methods show promise, they are also still limited in
their ability to produce complex shapes and in the manufacturing cost associated with
them. Manufacturing of advanced CMCs can take upwards of ten steps, requiring
pyrolization at temperatures greater than 1200 °C as well as vacuum curing at
temperatures around 400 °C. This leads to sometimes prohibitively high costs for even
relatively simple geometries. Despite these drawbacks, CMCs are considered to be the
leading candidate material class for use in RDEs and continue to be heavily researched
[13].

2.3.3 Other RDE Experiments
Very little materials testing has been done with RDEs to date. There have been
RDEs made out of a variety of different materials, to include stainless steels, Inconel,
Hastelloy X, and CMCs. Most research surrounding RDEs has focused on the operability
envelopes, thrust and pressure generation, and reliability of them rather than the material
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concerns. In general, this is done with short duration (~2s) runs, or with heavily cooled
components such as the RDE used for this research and described in section 3.1.3. This
section will cover some of the known work that has been done investigating materials in
an RDE environment.
There are multiple programs currently ongoing in collaboration with AFRL that
are exploring materials testing within an RDE. One of these is studying ablation rates of
soft materials at different locations within the RDE. This effort is focused in part on the
material’s performance and also on developing the capability to measure ablation rates
within an RDE as it is running. There is another effort in progress which is focused on
finding affordable materials for a flight weight RDE. This is using coupon testing of
different CMCs and high temperature alloys with a variety of advanced protective
coatings to attempt to find a promising candidate material system. The goal of this
program is to move on to creating a full RDE from the most promising of the candidate
materials. This research is still in progress.
Prior government contracts have led to coupon testing of CMCs in a rig similar to
the one used for this project. This testing was performed at the Detonation Engine
Research Facility (DERF) on WPAFB as well using a different RDE known as
Thunderdome, and a summary of the CMCs tested and their results is found in Table 3.
This testing also operated the RDE on hydrogen and air, and included both short and long
duration runs to attempt to measure heat fluxes as well as the material performance
during both the initial startup shock and the steady state operation. Heat fluxes were
estimated to be as high as 20 MW/m2 [13].
Table 3. Summary of Coupon Testing at AFRL Thunderdome [13]
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Material
Cumulative Time
SiCf/SiC
6.5 min (failure during 5 min test)
SiCf/HfB2-SiC 1.5 min (delamination, pulled after 1 min)
SiCf/SiC-H
11.25 min (crushed, failure in longer tests)
Cf/SiC
17.25 min (chipping of coating)
ZrB2-20ZrC
1.5 min (thermal shock)

Tests
30s, 1, 5 min
30s, 1 min
30s, 4.75, 6 min
30s, 1, 5, 4.75, 6 min
30s, 1 min

Some of the damage to the coupons is thought to have occurred during the cooling
once the fuel was cut off to the RDE due to the stress from cold air flowing over the hot
surface as indicated in Figure 8 (a) for SiCf/SiC and (b) for SiCf/SiC-H. Others were
crushed during removal from the rig [13].

Figure 8: SEM Images Showing Stress Cracking of CMC Test Coupons after RDE
Exposure [13]
Later testing at AFRL tested a full, uncooled Cf/SiOC outer body with a watercooled center body. This outer body was run once for 17 minutes. There is a visible
damage track on the inside of the outer body roughly where the detonation was
propagating. As might be expected, the amount of damage increased with increased run
time. This damage was caused in part by a 22% increase in void volume, coupled with
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shrinkage of the matrix. This decreased the structural integrity. Figure 9 (a) shows the
Cf/SiOC outer body, with the damage track visible in (b) [14].

Figure 9: Entire CMC outer body showing damage track after AFRL testing [14]

2.3.4 Ablation Studies
Ablation can be defined as the “destruction of material on interaction with a highenthalpy, high-temperature and high-speed gas flow, characterized by intense heating of
the surface zone of the material and removal of mass from it due to fusion, vaporization,
sublimation and other phenomena.” This is clearly relevant to the case at hand where the
subject metal is exposed to a supersonic gas flow at extreme temperatures. This is often
studied for materials that are designed to be consumed in the flow, such as a heat shield
for an ICBM or other re-entry vehicles which are passing through the atmosphere at
extremely high velocities for short times. In these cases, materials with low thermal
conductivities which require large amounts of energy for removal are desired in order to
protect the components underneath. Though Inconel and 304 stainless steel don’t fit into
this typical class of materials, the research into mechanics of ablation is still applicable to
predict and explain how they will be damaged [15].
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The removal of mass in an ablating material can happen through a number of
ways depending on both the material and the conditions of the gas flow. Mechanically,
material can be removed through erosion caused by the gas, as well as erosion caused by
small solid or liquid particles within the gas being driven across the surface. On a
thermomechanical basis, material can be removed by scaling and cracking causing solid
particles to drop off. Exfoliation can occur when the weakened particles are removed by
the rushing gas flow. Thermal effects can remove material through melting and
subsequent vaporization, or through direct sublimation. Thermochemically, material can
be removed through dissociation, ionization, head absorption in pyrolysis, and other
thermochemical interactions between the vapors of the material and the main gas stream.
Which of these methods is dominant will depend on the material and the environment,
and are influenced by the interaction between the two. This in turn is dependent on the
velocity, turbulence, and chemistry of the flow, as well as the thermochemical properties
(heat transfer coefficient, enthalpies of phase changes, etc.) and geometry of the ablating
material [15].
The resistance of a material to ablating in a given environment is generally
described with the effective enthalpy. There are multiple slightly different formulations
for effective enthalpy depending on the application and the researcher. In general, it is
described as being the energy needed to remove a unit mass of material. Generally this is
the heat to take a unit mass of the material to the temperature of, and through, the phase
transformation; it can also include the heat which goes to the vapor of the material in the
boundary layer [15]. For example, in laser applications the effective enthalpy of ablation
is found by dividing the enthalpy of mass removal by the material absorptance. The key
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differentiator between effective enthalpy and enthalpy of material removal is that the
effective enthalpy takes into account the transfer of energy between the ablative material
and the gas flow, while the enthalpy of material removal does not. Thus, the effective
enthalpy can have multiple different, accurate formulas for the same material based on
the specifics of the environment [16].

2.4 Inconel 625
While fielded RDEs will likely rely on advanced thermal and environmental
barrier coatings to protect either CMCs or high-performance metals, these state-of-the-art
coatings are not fully characterized and have not been used extensively in similar
aerospace applications. Inconel and other nickel-based superalloys are commonly used
for a variety of aerospace applications due to their high strength and oxidation resistance,
both of which are well maintained at elevated temperatures. They are an attractive option
as baseline materials for RDE performance quantification because of their readily
available properties and relatively low cost to acquire test articles. This data can then be
used by engine companies which have similar data for traditional combustion
environments to generate a comparison of behavior in detonation vs deflagration-based
environments.
In order to most effectively determine the damage mechanisms and life
remaining, it is necessary to begin with a good understanding of the relevant properties of
the chosen test materials. The following sections will cover the basic and high
temperature properties of Inconel 625.
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2.4.1 Basic Properties
Inconel 625 is a nickel-based super alloy with a face-centered cubic (FCC) lattice
structure which was patented in 1964 and has the nominal composition detailed in Table
4 [17]. The alloy was developed with a service temperature ceiling of 973 K, and is
primarily strengthened through the additions of carbon, chromium, molybdenum, and
niobium. While it was designed to be strengthened by solid solution strengthening,
precipitation hardening is also possible through un-economically long aging times in the
550-750 °C range. Unlike most other Al-Ti hardened alloys, it precipitates the metastable
body-centered tetragonal (BCT) γ” phase instead of the FCC γ’ phase. The γ” phase
infers more strength into the alloy, but it is not generally intentionally aged because
several hundred hours are needed for effective precipitation strengthening. Even at
temperatures as high as 871 °C only a minimal strength increase is seen in an hour. At
temperatures of 650 °C, the strength can be increased by more than double, but requires
times in the hundreds of hours [18].
Table 4. Composition of Inconel 625 (weight %) [17]

Inconel 625 is generally annealed in the 870-927 °C range, with the annealing
temperature having a significant effect on any subsequent aging response. Higher
annealing temperatures correlate to less strength increases from aging, especially in
smaller (less than 25 cm thick) components. This is because the nucleation range for the
γ” is 730-843 °C, and the alloy tends to need to dwell in this temperature range for 2-4
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minutes in order to allow sufficient nucleation to see strength increases from precipitate
growth during a subsequent aging at 650 °C [17].
Solidification of Inconel 625 generally results in a dendritic structure which may
have chemical segregation between the dendrites. In particular, niobium, molybdenum,
silicon and carbon tend to segregate, enriching the liquid phase and causing the interdendritic spaces to be richer in these elements than the rest of the material. Prediction of
elevated temperature phases is extremely difficult because of the number of alloying
elements. Even though this is intended to be a single-phase alloy, it has a variety of other
phases which are stable at different temperatures [19].
Inconel 625 has a room temperature thermal conductivity of 9.8 W/m-°C which
increases to 23.4 W/m-°C at 982 °C [20]. There is ongoing debate over if RDE materials
should seek high or low thermal conductivity, as the higher conductivity will likely
enable more survivability of that material, but will cause more stress on surrounding
components.

2.4.2 High Temperature Properties
Figure 10 shows the effect of temperature on the tensile properties of Inconel 625
for an annealed sheet. The alloy maintains strength very well up to about 1200 F, above
which the strength begins to rapidly decrease. At 650 °C the yield strength is still greater
than 80% of that at room temperature, while at 870 °C it drops to just over 21% of the
room temperature value [21]. The ductility can decrease significantly after exposure in
the 593-816 °C range due to the aging that was previously discussed [17]. The melting
point varies with composition, but is generally quoted as being between 1290 and 1350
°C [22].
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Figure 10: True Stress Strain Curves for Inconel 625 at Different Temperatures.
Strain rate of 0.002/s. [23]
Alloy 625 has excellent high temperature oxidation resistance as well, which is
due to the significant addition of chromium which forms a protective Cr2O3 oxide layer.
Isothermal oxidation tests at 1050 °C have shown mass gain of less than 3 mg/cm2 over
100-hour test periods for 625. The high chromium content enables the formation of a
dense, homogenous layer of chrome oxide which protects the alloy from further oxidation
[24].

2.5 Stainless Steel Alloy 304
Stainless steels are used extensively in a wide variety of engineering applications
due to having good material properties, corrosion resistance, and affordability. Many of
the RDEs being tested at the DERF are made from stainless steel for these reasons, with
the restriction that they only be run for short (~2 seconds) duration, or use extensive
cooling. This made investigation into the behavior of stainless steel of research interest to
the DERF. The most common stainless steel alloy is 304, accounting for approximately
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50% of all stainless steel production [25]. This alloy is sometimes referred to as 18/8 due
the approximate percentages of chromium and nickel it contains.
The composition specified for alloy 304 in ASTM A240 is given in Table 5,
below [26]. 304 Stainless steel is an austenitic grade of steel, meaning it has an FCC
lattice structure. The heavy addition of nickel acts to stabilize the austenite, overcoming
the ferrite stabilizing chromium. Austenitic stainless steels cannot be strengthened by
heat treating because there is no phase change upon cooling, so they are only
strengthened by cold working. When heated, the chromium can form chromium carbide
precipitates on the grain boundaries, leaving neighboring areas susceptible to corrosion
due to insufficient chromium. This process is known as sensitization. This can be
reversed by annealing in the 1040-1150 °C range and quenching to room temperature
[10].
Table 5: Chemical composition of 304 stainless steel (weight %). Amounts are
maximum unless otherwise indicated [26].
Element

C

Mn

0.08

2.00

P

S

0.045 0.030

Si

Cr

0.75

18.0-20.0

Ni
N
Fe Other
8.00.10 Base …
11.0

Similarly to Inconel, alloy 304 relies on the nickel and chromium to form a
protective oxide layer on the surface of the metal that mitigates damaging oxidation. At
elevated temperatures this is reduced due to the sensitization previously mentioned. This
is a primary concern when welding 300 series stainless steels. The primary defense
against this is to limit the carbon content such that there isn’t enough carbon to tie up the
chromium in undesired carbides. This leads to alloy 304L, which is more commonly used
in high temperature applications [10].
28

304 SS has a room temperature thermal conductivity of 16.2 W/m-°C at room
temperature, increasing to 26.8 W/m-°C at 930 °C [27]. This is nearly double that of
Inconel 625 at low temperatures, and is expected to alleviate some of the damaging
effects of the rapid heat up from the RDE.
Austenitic stainless steels are not as strong as other carbon steels, with the yield
strength for 304 at 215 MPa. This alloy is not generally used at elevated temperatures due
to issues with sensitization destroying the corrosion resistance. Alloy 304 is preferred for
use below 510 °C because sensitization begins to occur in the 510-790 °C range. It is also
used for cryogenic applications since austenitic metals do not exhibit a ductile to brittle
transition temperature (DBTT) [28], [10].

3

EXPERIMENTAL METHODS

The following section will discuss the experimental methods used in this research.
This will include relevant details about the test facility, the coupons tested, the actual
performance of the testing, the measurement and analysis techniques used, and the
assumptions made.

3.1 Facility
The coupon testing in the RDE was performed at the Detonation Engine Research
Facility (DERF) on Wright-Patterson Air Force Base (WPAFB) in Dayton, Ohio. The
following sections will provide the important details regarding the facility capabilities.
This includes a general description in section 3.1.1, the specific test stand used for this
testing in 3.1.2, and the specific RDE used for this test in section 3.1.3.
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3.1.1 Detonation Engine Research Facility
The DERF is an engine test bay which is owned and operated by the Air
Force Research Laboratory (AFRL) at WPAFB. While in the past the facility was used
for full scale turbine engine testing, it is currently being used by the Advanced Concepts
Group in the Turbine Engine Division, primarily for RDE research. Figure 11 shows the
basic layout of the facility, with the approximate location where this testing was
performed noted. The blue lines represent the high pressure air plumbed to each of the
three main test stands (the RDE Table, Club House, and PDE Stand), while the red lines
represent the hydrogen plumbed to each. Multiple experiments can be set up on each test
stand at any given time, though typically only one is run at a time.

Figure 11: Layout of the test facility (DERF) [3]
The fuel used in this testing was hydrogen, which is brought in on tuber trailers
which are parked outside the facility, and then plumbed to the test stands where needed.
Each hydrogen trailer contains enough hydrogen to run for approximately 30 minutes at
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maximum flow conditions. There is also a large compressed air tank in a separate room
which is plumbed into the facility to supply air at up to 1800 PSI at flow rates reaching 5
lb/s.
All operation in the DERF is performed remotely for safety reasons. The walls
between the test bay and the control room are 90 cm thick reinforced concrete to ensure
protection from any mishaps and to aid in noise management. There are multiple cameras
located throughout the bay which are used to monitor the tests live, in addition to any that
may be placed for specific data collection on a given experiment. There is a safety switch
connected to the door which prevents air and fuel from flowing when the door is not
completely closed. All fuel and high pressure air lines have at least two valves to ensure
redundancy in the event that one fails. Experiments are run using LabVIEW software to
control the pneumatic valves and collect data.

3.1.2 RDE Test Stand
High pressure air and hydrogen are needed to run the RDE, and both are plumbed
to the test stand from outside of the test cell. The high pressure lines have sonic nozzles
installed to enable the measurement of the mass flow, as well as multiple nitrogen
operated solenoid valves in order to start and stop the airflow. There is a nitrogen
powered regulator on both the air and hydrogen lines to control the desired flow rates.
The pre-detonator needed to ignite the RDE has separate hydrogen and oxygen lines
plumbed to it which are separately controlled. While the RDE runs on hydrogen and air,
the pre-detonator uses hydrogen and pure oxygen. They are each injected together and
ignited with a spark plug to supply the necessary energy to the flow to start the detonation
wave in the RDE. The tube is simply a means of transporting and directing the energy of
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the shock wave to an effective location without the need for the spark plug to be directly
in the flow where it would get rapidly destroyed. The pre-detonator can be seen in Figure
12. It is then clamped to the test stand and positioned such that the shock wave exits the
tube directly into the flow of the RDE in such a way that it can ignite effectively.

Figure 12. Photograph showing pre-detonator (highlighted in blue box) assembly
installed on the rig.
The hydrogen fuel for the RDE is plumbed into a common plenum which injects
the hydrogen into the engine through 80 evenly distributed injectors. This enables even
fueling throughout the engine to better enable the propagation of the detonation wave.
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The stand is also plumbed with water to be used for cooling. The water can be
either forced through the RDE with a pump or allowed to free flow from the water moon.
Using the pump limits the cooling flow to 90 gallons per minute based on the pump, but
operates at 75-80 gpm with 250 psi in this configuration. For the purposes of this testing,
the pump was utilized. This water must be split between the center body and the outer
body to keep both at acceptable temperatures. Section 3.1.3 will go into more detail about
each of these components.

3.1.3 Water Cooled RDE
The center body used in this test is water cooled and made of a copper alloy in
order to maximize heat transfer between the center body and the cooling water which
flows through the internal passages to enable long duration runs. This has enabled hours
of use on this center body, including runs of multiple consecutive minutes which would
not be possible without thermal management. The job of the center body here is simply to
help shape the flow and give the detonation wave something to track around; there is no
theoretical reason why it needs to be round and not a more torturous shape. The shape of
the aerospike nozzle is designed to prevent flow separation and reduce losses on the
exhaust side of the RDE, though for this particular testing that is relatively unimportant.
The water from the facility is connected to the center body through one port which is
centrally located, which then is spread throughout the center body through internal
channels. There is one exit port, which has a thermocouple installed just before this
cooling stream mixes with the one coming from the outer body to enable monitoring of
the water temperature in order to prevent boiling the cooling water.
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The RDE outer body used in the coupon testing is typically referred to as the
“Water Cooled Pie” due to having a quarter circle section ‘missing’ from it to be used for
testing a partial outer body of different materials. The ¾ section was machined out of
several pieces of stainless steel which were then welded together. The inside diameter of
this (which is also the outside diameter of the detonation channel) is 18.44 cm, outside
diameter is 21.38 cm, and the axial length is 12.7 cm. Stainless steel was used due to cost
considerations, as it was anticipated that it will be kept cold enough that higher
temperature, higher cost alloys weren’t necessary. Figure 13 shows CAD models of the
two main pieces of this section, the inner and outer component, as well as the two put
together.

Figure 13: CAD Model of 3/4 pie RDE outer body
There are 26 water ports on the outer section of this component; 13 each for inlet
and exit. There is a small manifold in the outer section at both the top and bottom which
allows for circumferential flow between each of the inlet and outlet hoses to ensure that
all of the water passages receive water. The inner and outer sections are in contact
between the water passages in order to force the water to flow axially across the outer
body. Short lengths of steel tubing were welded onto the inlet and outlet ports, and
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Swagelok fittings connected to the ends. These ports were then connected to external
manifolds, and the water pump connected to these manifolds. The water is fed into the
RDE on the upstream side and then exits from the downstream side through the hoses
indicated in Figure 14. Just as with the copper center body, this is capable of running for
extended tests, and has been run for multiple hours already, including durations of several
minutes at a time. There are thermocouples installed on both the inlet and exit lines in
order to monitor the temperature of the cooling water. There are also flow meters
installed on the inlet side to ensure proper cooling flow before beginning an experiment.

Figure 14. RDE Cooling Water Plumbing with specific lines labeled. The center
body water is fed in from the back and not visible on this picture.
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The quarter section of the outer body, was first additively manufactured out of
Inconel 718 using direct metal laser sintering (DMLS). Using DMLS enabled making this
section out of one piece, which would’ve been impossible using traditional
manufacturing methods. This piece was made from Inconel rather than stainless for the
higher strength in hot sections. The CAD models of this component are shown in Figure
15. The isometric view in (a) gives a general idea of the shape and design and shows the
locations of the water inlet and outlet ports, while (b) is a view from the inside with a cut
made circumferentially to expose the internal cooling passages.

Figure 15: CAD Models of Coupon Section of Outer Body
While being used for other research running parallel to this test campaign, this
quarter section of the outer body was overheated and destroyed. The piece was redesigned with an improved cooling scheme and remade, this time in a similar manner to
the ¾ section. Two pieces of stainless steel were individually machined and then welded
together to create one water cooled piece. A similar section was cut out again for the
coupon which would accept the same 5.1 by 10.2 cm holder. There were no significant
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changes to the conditions seen by the coupon with the new design. Figure 16 shows
partial technical drawings of the new design which was used to finish all testing with the
final coupon design, and shows how this one has four separate cooling circuits instead of
just one. This piece was welded into the other ¾ section to permanently assemble the
outer body.
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Figure 16. Partial technical drawings of the inside (top) and outside (bottom) of the
re-designed quarter section of the RDE outer body. Dimensions in inches.

38

3.2 Coupons
Testing multiple entire RDEs would be prohibitively expensive, as well as time
consuming due to the machining and assembly work that goes into each one. For this
reason, it was decided to perform coupon testing to obtain preliminary data on how each
material functions. The coupons also enable a similar look into the damage mechanisms
as would be possible with testing a full outer body.

3.2.1 Coupon Adapter
The quarter sector in the outer body was designed to hold samples up to 5.1 by
10.2 cm in size. For this testing, it was decided to use a 2.5 by 7.6 cm coupon, using an
adapter to thermally isolate the coupon. This enabled better control of temperature around
the edges of the coupon by having an additional cooling circuit, as well as easier change
over between runs and better thermocouple access. The new design of the adapter and
corresponding clamp piece are shown in Figure 17.
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Figure 17. Top left: Outer piece of coupon adapter showing cooling water ports. Top
Right: Inside piece of coupon adapter showing cooling passage. Bottom: Coupon
holder clamp piece. Dimensions in inches.
The coupon adapter was machined out of multiple pieces of stainless steel and
then welded together in order to allow internal cooling passages. Water ports were
welded onto opposing corners of it, such that water would flow around the entire holder.
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The coupons would set in the holder, and then be bolted in place using a clamp piece
which clamped down on the edges of the coupon. By adjusting the length of the bolts
used and adding or removing spacers under the pincher piece, a range of coupon
thicknesses (including insulating backers) can be accommodated. A 0.127 cm ledge
prevents the coupons from falling into the flow of the RDE, in the same way that a ledge
prevents the coupon adapter from falling in. The coupon adapter was similarly bolted into
place on the outer body with the bolt holes indicated on Figure 18.

Figure 18. Photo of the outer body showing where the coupon adapter was inserted.

3.2.2 Coupon Designs
The coupon designs went through several iterations in order to find the most
effective method. All coupons were designed to fit into the 2.5 by 7.6 cm gap, and as
such were designed with outer dimensions of 2.49 by 7.57 cm in order to allow for
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thermal expansion. The corners of all coupons were filleted in order to reduce the stress
concentration and prevent thermal stress induced cracking.
The first design (Figure 19) used a 0.32 cm thick coupon with three holes drilled
halfway through to insert thermocouples. The intent of this design was to have 6
thermocouples per coupon, with three on the back (cold) face, and three adjacent ones
inserted halfway through the coupon. This would enable an improved heat transfer
calculation to determine the metal temperature in the flow. In practice, the vibration of
the RDE quickly destroyed the inserted thermocouples.

Figure 19. Technical drawings of the first coupon design, dimensions in inches.
The second attempt to gather gradient temperature data was done with a coupon
which was machined down to 0.127 cm thickness for most of the coupon, with 5
pedestals of 3 different heights (Figure 20). A thermocouple was then welded onto each
pedestal with the hope of measuring the temperature at multiple different thicknesses of
metal and using this to calculate the hot side metal temperature. This design was
completely destroyed within just a few seconds of run time.
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Figure 20. Technical drawings of pedestal coupon. Dimension in inches.
The final design used was a simple rectangular coupon with thermocouples
welded to the back (Figure 21). All data reported utilized this design. The thermocouples
were always located on the center line of the coupon, but at varying locations. Initially,
the belief was that the hottest location would be near the upstream edge of the coupon,
and so the thermocouples were spread over that half of the coupon. Subsequent testing
showed that the maximum temperature location varied depending on the mode of
operation of the RDE, and could be at either end of the coupon. Following this, the
thermocouples were spread evenly throughout the coupon to ensure capturing the hottest
temperatures regardless of location.
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Figure 21. Technical drawing of final coupon design. Note that the thermocouple
locations changed twice; first as shown with flow from left to right, then as shown
for flow right to left, and finally with 0.5” spacing from the edge and each other
instead of 0.25”. All dimensions in inches.

3.3 Testing
All coupons were tested using the same test rig, under varying conditions. The
following sections will cover the test procedure followed as well as the test matrix used
to characterize the behavior of the coupons.

3.3.1 Test Procedure
This section covers the test procedures followed for all coupon testing performed
in the RDE. Test durations varied from 15 seconds to 5 minutes based on performance;
tests were ended once 5 minutes had elapsed, when all thermocouples stopped reading, or
when video evidence suggested that the coupon had burned completely through,
whichever came first. The same test procedure was generally followed for each of the
coupon designs, with the one exception being the insulation used. The first tests were run
without insulation because it was assumed that the raw metal would be quickly destroyed
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without any. After these tests did not produce any visible damage due to the cooling from
the coupon holder, insulation was used to get closer to realistic operating temperatures.
Five S type thermocouples were welded to the back of each coupon. Ceramic
bead insulators were used for approximately the first centimeter of the wires, with
polymer insulation after that. Due to the nature of the small diameter wires and the
extreme vibration experienced during the test, it was accepted that some of the
thermocouples would likely break off prior to or during the testing. A block of pica was
cut to be approximately 2.5 X 7.6 X 0.6 cm to use for insulation. A slot was cut through
the middle of this to allow the thermocouple wires to pass through, and then it was
carefully slid onto the back of the coupon. A similarly dimensioned piece of Inconel 625
with a matching cut out was then layered on the back of this in order to provide even
pressure on the soft PICA. This was inserted into the coupon holder, and then bolted into
place as described in section 3.2.1.
The coupon holder is then bolted into the outer body and all bolts are safety wired
to prevent loosening from the vibration during the run. The standard D-Bay operating
procedure is followed, to include ensuring that all data collection software is ready, and
all fuel, air and cooling water is plumbed properly to the rig. Once all pre-checks are
completed, the test is run remotely from the control room. The water pump is turned on
first, and cooling water flow and instrumentation readings verified. Then the air is turned
on and allowed to settle at the desired flow rate. Finally, the hydrogen is turned on, and
the pre-det is fired to start the detonation wave. The rig is monitored by cameras and live
readings from the LabVIEW software of the relevant temperatures, pressures, and flow
rates. To terminate the test the hydrogen is shut off first. The air is left on for a few
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seconds to speed up cooling of the rig and blow any remaining fuel out of the rig, and is
then shut off as well.

3.3.2 Test Matrix
The test matrix for this experiment was determined in part by trial and error as the
tests progressed. The overall goal was to observe and measure a recession rate for the test
coupons. This meant that a measurable amount of material removal was needed on each
test, without burning completely through each coupon. The plan to achieve this was to
control temperature by adjusting the air/fuel flow rates. The higher the flow rate, the
more heat input to the part. Thus, if a coupon did not see any appreciable damage, the
next run would be performed with a slightly higher flow rate. Conversely, when a coupon
was completely burned through, the following coupon would have a slightly lower flow
rate. Flow rates are expressed in pounds per second. Facility limitations mean that
0.25lb/s is the smallest increment reasonably achievable. Table 6 lists the flow conditions
that each coupon was subjected to. Coupons are numbered based on the chronological
order in which they were tested.
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Table 6: Test Matrix

Coupon

Run
Date

Pedestal
Inconel 1
Inconel 2
Inconel 3
Inconel 4
Inconel 5

11/19/19
12/19/19
12/19/19
12/31/19
1/14/20
1/16/20

Flow
Run
Rate Phi Time Insulated?
(lb/s)
(min)
2
1
0.2
Yes
2, 3
1
5,1
No
3
1
4
No
2.5
1
1.5
Yes
2
1
5
Yes
2.25
1
5
Yes

304 SS 1
304 SS 2
304 SS 3
304 SS 4

1/31/20
2/3/20
2/5/20
2/10/20

2.25
2.5
3
4

1
1
1
1

5
5
5
1.5

Yes
Yes
Yes
Yes

TC Locations (cm
from upstream edge)
0.6, 1.3, 1.9, 2.5, 3.2
0.6, 1.3, 1.9, 2.5, 3.2
None
0.6, 1.3, 1.9, 2.5, 3.2
4.4, 5.1, 5.7, 6.4, 7.0
1.3, 2.5, 3.8, 5.1, 6.4
1.3, 2.5, 3.8, 5.1, 6.4
1.3, 2.5, 3.8, 5.1, 6.4
1.3, 2.5, 3.8, 5.1, 6.4
1.3, 2.5, 3.8, 5.1, 6.4

3.4 Measurement and Analysis Techniques
In order to obtain usable data from this test, the coupon temperature during the
test needed to be measured using thermocouples. As there is no way to accurately
measure the ablation rate of the coupon in real time during the test, the coupons were
then analyzed post-test in order to determine the amount of damage they had experienced.
All coupons were analyzed using optical microscopy, laser microscopy, and a scanning
electron microscope (SEM) with energy dispersive spectroscopy (EDS). Select samples
were also analyzed using optical microscopy in cross section, with and without being
chemically etched. This section will cover the fundamentals of how these techniques
work and what they are used for.

3.4.1 Thermocouples
Thermocouples are created by joining two dissimilar metals (wires) at one end,
while electrically insulating them from each other for the rest of their lengths. As the
temperature of the joined end, or bead, changes it generates an electrical potential
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difference (voltage). A calibration curve can then be created to convert this voltage into
temperature. Commercially available thermocouples have well established calibration
curves and are referred to by type such as J, K, R, and S, where the type indicates the
composition of the two wires and thus the temperature range they can be used for [29].
For this research, temperatures up to 1370 °C are expected. For this reason, the K
types that are most commonly used in the DERF were not acceptable since they are
limited to operation below 1260 °C. In order to handle the high temperatures in this
research, S type thermocouples were selected which consist of one pure platinum wire
and one platinum with 10% rhodium wire and can operate continuously at temperatures
up to 1,600 °C or up to 1,700 °C for a short time. They provide temperature
measurements with an accuracy of +/- 1.5 °C or 0.25%, whichever is greater. For the
temperatures expected in these experiments, temperatures are expected to be accurate to
within 4 °C [29].
The ends of each wire can be welded to the back of the coupon, creating the bead
on the back face of the coupon to record the temperatures. In order to reduce cost, the S
type thermocouple wire is only used for the first 10-15 cm to reach out from the hot
section. Once away from the heat, mini bladed plug connectors are used to connect to a
copper based extension wire which cannot handle the same high temperatures, but will
accurately transmit the signal to the data acquisition system for processing [30].

3.4.2 Optical Examination
Optical microscopes utilize a series of lenses in order to enable examination of
objects at increased magnification. Modern microscopes utilize compound magnification,
where the first lens projects a magnified image onto the second lens, which projects a
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further magnified image onto the third (or to the observer) and so on. This enables
magnification of greater than 1000X with great clarity. The multiple lenses are needed in
order to keep the light spread out enough for the eye to focus on and discern different
details. As the magnification level increases, so does the necessary amount of light input,
as some is lost at each level [31]. These images can also be fed into digital cameras for
recording.
Advanced microscopes can also perform non-contact profilometry using light and
lasers. This is used to create a 3D image of the surface of a sample to a very high
precision and without risking physical damage to the surface. These work by utilizing the
principles of light as an electromagnetic wave which has phase and intensity. When two
light waves are perfectly in phase with each other, they will interfere constructively and
get an increase in amplitude. When they are out of phase, this interference is destructive
and can eliminate the light. Because the speed of light is constant, if all light waves are
simultaneously identically initiated, they will be perfectly in phase with each other [32].
The profilometer can emit two beams of light, one as a control and one that is
scanning across the surface. Each bean reflects off the surface and is collected by the
profilometer. There is a very narrow region where these two beams will have zero optical
path difference (ZOPD), and return to the detectors completely in phase. This distance is
known, and is used to examine the surface. Any location on the surface where there is
ZOPD is recorded as being this critical distance away from the objective. The device
scans through a range of Z values, recording every pixel which had ZOPD at every Z
height. This is then compiled to create a 3D representation of the surface. This can be
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combined with a standard camera, which takes photos at multiple different focus
positions in order to overlay and create an actual 3D image of the surface [32].

3.4.2 SEM
Scanning electron microscopes utilize an electron beam to view surfaces, rather
than visible light. The electrons are accelerated at the surface through a magnetic field,
and then captured when they rebound from the sample, creating an image. While limited
to black and white images, this enables a greater depth of field at higher magnification
than is possible with an optical microscope. Optical microscopes are limited by the
wavelength of visible light to a resolution of about 0.2 micrometers, while advanced
SEMs have resolution on the order of 0.6 nanometers. In addition to high magnification
images, electron microscopes can be used to provide compositional analysis,
microstructural orientation information, and even residual stress information. These
measurements are performed using energy dispersive spectroscopy (EDS) and electron
backscatter diffraction (EBSD) [33].
Energy dispersive spectroscopy is a technique which can be used to gather
information about the chemical composition of a sample. By accelerating the electrons
into the surface at the right velocity, the atoms of the sample are caused to eject an
electron, which creates an electron vacancy. When this vacancy is filled by a higher level
electron falling down into it, an X-ray is emitted to balance the energy difference. The
EDS detector collects and measures the energy of this X-ray, which is characteristic of
the element and shell transition that generated it. Based on this energy, the detector can
determine which element it came from. Scanning the entire surface with this beam can
reveal which elements are in which locations on the surface of the sample, creating
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colorized map of the surface highlighting which elements are enriched or deficient in
particular areas. While this is not able to determine the absolute quantity of each element,
it can determine which elements are present and their approximate amounts relative to
each other [33].

3.5 Assumptions
It is impossible to measure the flow side surface temperature directly for reasons
discussed earlier in this paper. Thermal modelling would be required to determine the
true surface temperature, which is outside the scope of this work. For this reason, results
are reported using the back-face temperature. This means that the results in this paper are
somewhat conservative since the temperatures reported are lower than actual for the flow
surface.
The operator inputs a set point for fuel and air flow rates into lab view. A PID
controller then continually adjusts regulators to match these conditions as closely as
possible. This means that throughout the tests there are small variations in fuel and air
pressures and flow rates as the pressures in the tanks change and the regulators adapt
accordingly. At times these fluctuations can cause the RDE to switch modes, evidenced
by an audible change in tone during the testing. These changes were assumed to be
insignificant during the testing and are neglected for the sake of this study.

4

RESULTS AND DISCUSSION

This chapter will discuss the data and results gathered during the coupon testing.
Section 4.1 will cover the temperature data that was recorded and begin to analyze the
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meaning of it. Sections 4.2 and 4.3 cover the examination performed on the coupons
using optical and electron microscopy, respectively.

4.1 Temperature Data
Temperature data was recorded for each thermocouple at 90 Hz, with the
thermocouples located on the back (cold side of the coupon). In order to get a first order
approximation of how much colder this temperature is than the hot side skin temperature,
a simplified heat transfer calculation was performed for Inconel 1. The back temperature
was approximately constant, meaning that the net heat flux on the back of the coupon
must be zero. Thus the energy radiated from the back of the coupon to the room must be
equal to the heat conducted through the coupon from the flow to the back. Equation 1
was used to estimate the heat radiated to the room, and equation 2 used to estimate the
heat conducted through the coupon. Uppercase T represents temperature, ε is emissivity
(estimated to be 0.8), σ is the Boltzmann constant, V is the view factor (estimated as 0.5),
A is the cross sectional area, k is the coefficient of thermal conductivity (assumed to be
constant at 23.4 W/m-°C), and t is the through thickness.
𝑞 = 𝜀𝜎𝑉(𝑇14 − 𝑇24 )𝐴

Equation 1

𝑞 = 𝑘𝐴(𝑇1 − 𝑇2 )/𝑡

Equation 2

Solving equation 1 with a room temperature (T2) of 22 °C and a thermocouple
temperature (T1) of 1233 °C results in 233 W of heat transfer from the coupon to the
room. By setting equation 2 equal to this, the necessary flow side skin temperature is
1249 °C, just 16 °C higher than the measured back side temperature. This calculation
does makes some assumptions (neglects heat transfer to the edges of the coupon, constant
thermal conductivity, emissivity and view factor values, etc.) it does serve to show that
52

the temperature difference from front to back side is small when compared to the melting
range for the chosen alloys. Thus it is valid as an estimate of the flow side metal
temperature.
In every test, at least one thermocouple broke off during installation or testing.
Because of this, not every coupon has temperature measurements at all of the locations
indicated previously, and not every coupon has temperature measurements at the same
locations. Figure 22-31 show the temperature as a function of time for each coupon.
Lines that are incomplete were cut where the thermocouple readings indicate that it
clearly broke. Each data series is labeled with the axial location of the thermocouple
relative to the upstream edge of the coupon.

Figure 22. Temperature vs. Time plot for Inconel 1. Series are labeled as the
distance of the thermocouple from the upstream edge of the coupon. This plot
displays two separate runs; where the temperature drops to zero at about 375
seconds is the delineation between the first and second runs.
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Figure 23. Temperature vs. Time Plot for Inconel 3. Series are labeled as the
distance of the thermocouple from the upstream edge of the coupon.

Figure 24. Temperature vs. Time Plot for Inconel 4. Series are labeled as the
distance of the thermocouple from the upstream edge of the coupon.

54

Figure 25. Temperature vs. Time Plot for Inconel 5. Series are labeled as the
distance of the thermocouple from the upstream edge of the coupon.

Figure 26. Temperature vs. Time Plot for 304 SS 1. Series are labeled as the distance
of the thermocouple from the upstream edge of the coupon.
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Figure 27. Temperature vs. Time Plot for 304 SS 2. Series are labeled as the distance
of the thermocouple from the upstream edge of the coupon.

Figure 28. Temperature vs. Time Plot for 304 SS 3. Series are labeled as the distance
of the thermocouple from the upstream edge of the coupon.
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Figure 29. Temperature vs. Time Plot for 304 SS 4. Series are labeled as the distance
of the thermocouple from the upstream edge of the coupon.
The temperature for the coupons rose sharply when the detonation ignited, which
sometimes exceeded 110 °C/s. Thermal steady state was generally reached within
approximately 20 seconds after startup. When the fuel is shut off, there is a similarly
sharp decrease in temperature which then follows approximately an exponential decay as
might be expected. There is some fluctuation in temperature due to the fluctuations in air
and fuel flow as the PID based controller attempts to maintain the set points of fuel and
air flow. This is noticed most clearly at just after 40 seconds on Inconel 3, when all three
thermocouples suddenly and simultaneously rise, after having leveled off. In some cases,
the temperatures slowly decreased during the run (Inconel 5, 304 SS 1). This is thought to
be due to the PICA insulation slowly burning away during the test due to some air flow
leaking around the edges of the coupon.
The range of temperatures throughout the coupons is clearly seen to be smaller for
the 304 SS coupons than for the Inconel coupons, despite being exposed to similar heat
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loading conditions. This is the result of the variation in thermal conductivity between the
two metals. The thermal conductivity of both increase significantly with temperature, but
that of 304 is consistently much higher (nearly double at room temperature). This enables
the heat put into the coupon to more effectively be transported out to the holder and the
cooling water flowing through it.
The temperature profile throughout the coupon was more uniform for the stainless
samples than for the Inconel ones due to the increased thermal conductivity. This will be
discussed more in section 4.2, where it will be seen that the surface damage on the
Inconel was more localized than on the stainless. In addition, the temperatures for the
stainless coupons stayed colder than those for the Inconel coupons run under the same
conditions. This is due to the increased heat transfer through the coupon and to the cooled
coupon holder in the stainless. Because of this, the 304 SS coupons suffered less damage
than the Inconel coupons, despite being considered an inferior alloy for high temperature
applications. This illustrates the challenge with creating material for a flight RDE;
increasing the thermal conductivity of the RDE material will likely increase the
survivability of that component, but in doing so puts greater thermal stresses on the
surrounding infrastructure.
Of primary interest in this testing is the region of maximum temperature, since
that is expected to correlate to the most damage. The hottest location on the coupon is
based on the location of the actual detonation in the channel, with the highest
temperatures closest to the detonation. This location varied based on the flow rate that
was being used, and so the highest temperatures were not always on the same
thermocouple. Table 7 displays data from the hottest reading thermocouple on each test,
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including the average steady state temperature. While there was a general trend of
increasing flow rates leading to increased temperatures, this did have exceptions. These
are likely due to inconsistencies in the PICA insulation, as some PICA backers may have
been slightly thicker than others, or had a slightly wider slot for the thermocouple wires
to pass through.
Table 7. Temperature data from hottest reading thermocouple on each sample.

Coupon

Reading TC
Locations
(cm from
upstream edge)

Inconel 1
Inconel 3
Inconel 4
Inconel 5

0.6, 1.3, 1.9, 3.2
0.6, 1.3, 1.9
5.1, 7.0
1.3, 2.5, 3.8, 5.1, 6.4

Hottest
Reading
Locations (cm
from upstream
edge)
1.9
1.9**
5.1
1.3

Average
Maximum
Temperature at Temperature
Hottest TC (°C)
(°C)
1228
1281
1179
1245

1252, 1291*
1293
1202
1308

304 SS 1
2.5, 3.8, 5.1
2.5
1236
1259
304 SS 2
2.5, 5.1, 6.4
2.5
1218
1237
304 SS 3
1.3, 2.5, 3.8, 5.1, 6.4
3.8
1229
1262
304 SS 4
1.3, 2.5, 3.8, 5.1, 6.4
1.3
1258***
1371
* This coupon was run twice; the second run was too short to get a steady state
average, but did have a higher maximum temp (1291 °C) than the first run (1252 °C).
** Physical damage on the coupon clearly indicates that this was not the hottest
location on the coupon, merely the hottest location with a thermocouple on it.
*** The hottest reading came at 1.3cm; that TC broke at approximately 60s, and
did not appear to be at steady state. The average reported is for the only TC that truly
achieved steady state, located 5.1 cm from the upstream edge.

4.2 Optical Examination
Optical examination of all coupons was performed with multiple different
microscopes in order to categorize the damage which occurred. Figure 30 shows overall
images of all coupons post-test. From here the coupons were ranked from least to most
damaged, and further examined under optical microscopy, focusing on the most damaged
part of the coupons. The Inconel coupons were ranked as 4, 2, 5, 1, and 3. The stainless
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were ranked as 2, 1, 3, and 4. These rankings were used to help guide choices of further
examination. They will still be referred to with the same numerical designation, but the
rest of this paper will address them in order of damage ranking, covering all Inconel and
then all 304 SS. The pedestal coupon was not further examined because it was entirely
eroded. Inconel 2 was also less analyzed due to not having any temperature data
associated with it.
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Figure 30. Overall image of all coupons after testing. All coupons are oriented such
that the flow direction was vertically upwards, as indicated. Inconel 3 exhibits
damage at the opposite end of the other coupons due to the different location of the
detonation wave during this test. Major scale divisions are inches.
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4.2.1 Surface Examination
The damage on all coupons was primarily in the center of the 2.5 cm edge. This is
due to the cooling effect of the coupon holder creating a temperature gradient with the
peak at the center of this edge. The axial location of the damage is in part influenced by
the cooling of the edges as well, as there is no damage on any coupon within
approximately 0.25 cm of either end. In addition to this it is determined by the location of
the detonation wave and the thermal conductivity of the coupon. The center of damage
for all coupons except Inconel 3 is on the upstream side of the coupon, generally 0.6 – 1.3
cm from the edge of the coupon. For Inconel 3, the detonation changed modes and thus
detonated further down the channel, causing the primary damage to be at the downstream
end of the coupon. The stainless coupons exhibit a more elongated damage pattern due to
higher thermal conductivity spreading the heat more effectively, while the Inconel
coupons show a shorter tear drop shaped damage area due to the lower thermal
conductivity.
The least damaged Inconel coupon was Inconel 4. This is unsurprising when
comparing to the temperature data, as it also had the lowest recorded maximum and
average temperatures of any coupon. This is somewhat deceptive since the primary
damaged area was towards the upstream edge of the coupon, while the thermocouples
were at the downstream end. This means that the temperature data for this coupon cannot
be directly correlated to the damaged area, and the area for which there is temperature
data has no visible damage. Figure 31 shows an optical image of the surface.
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Figure 31. Optical image of the most damaged area on Inconel 4. Flow direction is
left to right. Ruler divisions are inches.
The damage on this coupon consists primarily of oxidation on the surface. In
some locations, this oxidation layer has started to break off, resulting in the textured
appearance seen above. Figure 32 shows a height profile taken through this location at
the line on the image, showing a maximum depth difference of approximately 30
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microns. There is no clear localized damage center as is present in many other coupons,
likely due to the relatively low temperatures experienced.

Figure 32. Linear depth profile of the damaged area on Inconel 4. Flow direction is
left to right.
Inconel 2 and Inconel 5 showed very similar damage patterns, though Inconel 5
had a slightly larger, localized and directional damage center (Figure 33). Again, the
center of the damage was towards the upstream edge of the coupon, which coincides with
the hottest thermocouple reading being the furthest upstream. The damage is in line with
the flow axially down the coupon, and has a mud crack appearance typical of corrosion
products. There are two localized circular areas where the corrosion product has flaked
off, but the depth was no greater than that on Inconel 4.
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Figure 33. Optical images of the localized damage area on Inconel 5. Flow direction
is left to right.
Inconel 1 showed the largest spot of localized damage (Figure 34). The damage
spot is directional with the flow, as the edge on the left (upstream) side is sharper, while
there is more fade out on the right. This may be due to the cooling effect of the coupon
holder being sharper on the left edge, the directionality of the detonation and air flow, or
a combination. While the edges of the spot have a similar appearance to the mud cracks
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seen on previous coupons, the center of the damage spot shows a different, tree root type
morphology. This may be due to the beginning of localized melting.

Figure 34. Optical images of the damage area on Inconel 1. Flow direction in both
images is from left to right.
Inconel 3 was the only coupon which lost a significant amount of material,
burning completely through in approximately 1.5 minutes of testing. Unfortunately, this
was also the only coupon where the hottest section was the downstream edge, so the
thermocouples being focused on the upstream edge meant that the highest temperatures
were not measured. This is thought to be due to the detonation wave(s) being further
downstream in the channel due to these specific flow conditions. This coupon exhibits all
of the damage morphologies discussed so far, as well as clear evidence of complete
melting. Figure 35 shows the progression of damage from oxidation to melting. The far
right of the coupon shows where the melted material was stopped by the coupon holder
and then solidified upon shutdown of the rig.
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Figure 35. Optical images of Inconel 3 showing damage progression. Flow is from
left to right. Major scale divisions are inches.
Figure 36 shows a 3D colorized image of the trough leading up to the hole,
showing the slope of the damage. Thermocouples at 0.6, 1.3, and 1.9 cm from the
upstream (left) edge on this coupon were reading throughout the test, with the hottest one
being the 1.9 cm, as expected based on this damage. While it may be possible to generate
a small correlation here between temperatures and ‘wear’ rate, it will not give a useful
prediction because of the damage mechanisms present. This is because all other coupons
(and even parts of this one) only exhibit oxidation as a damage mechanism, while this
coupon exhibited bulk melting as well. As soon as bulk melting occurs, failure is nearly
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instantaneous. The damage rate at this point is irrelevant since it is essentially infinite for
engineering purposes. It is impossible to know how much (if any) material was removed
prior to melting, and thus no useful wear rate can be generated.

Figure 36. 3D image and profile data for Inconel 3, showing the slope of the trough
leading to the hole.
The least damaged 304 SS coupon was number 2. While there was less
temperature variation between the stainless coupons than the Inconel, this was the coldest
coupon and so makes sense that it had the least damage. Visual examination of the
coupon reveals discoloration patterns based on temperature, with multiple distinct
elliptical outlines running down the center of the coupon. This discoloration is due in part
to tempering at the elevated temperatures, and also due to an oxidation pattern created.

68

Figure 37 shows both the overall coupon with the clear pattern of discoloration, as well as
a photo taken at 200X original magnification of the damage location. This shows the
oxidation patterns covering the surface. The discoloration on this coupon is much more
linear and uniform than the Inconel coupons which had more of a shortened, tear drop
shape. This is likely because the increased thermal conductivity makes the temperature
profile throughout the coupon more consistent, as seen by the thermocouple data. Like
most of the Inconel coupons, there was no significant material removal.

Figure 37. Optical images of 304 SS 2 showing discoloration and surface oxidation.
Flow direction from left to right. Major scale divisions are inches.
304 SS Coupon 1 also did not lose a significant amount of material, but showed a
more significant oxidation pattern. While still much more linear than the Inconel
coupons, a slight tear drop shape and directionality began to appear. A similar damage
pattern is seen for much of the surface with heavy oxidation. In addition, the surface
contained many blisters of a different color which appear to be another oxide. These will
be further examined with EDS in order to determine compositional differences. Figure 38
shows the coupon overall, as well as magnified images of the damage surface and a
selected blister.
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Figure 38. Top: Overall image of 304 SS 1 showing slightly tear drop shaped
oxidation pattern. Major divisions are inches. Bottom: Higher magnification images
of the damage surface of 304 SS 1. Flow direction is from left to right.
304 SS 3 is the first stainless coupon to show a specific localized damage spot in
addition to an elongated teardrop shaped oxidation pattern. Once again there are several
distinct elliptical rings of discoloration, but there is also an approximately circular
damage epicenter. Under optical examination this still has a similar appearance to that of
the previous stainless coupons, but with a much heavier concentration of the darker
phase. The blisters that were present on 304 SS 2 do not appear on this coupon. Figure 39
shows the coupon overall as well as two higher magnification images of the damage area.
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Figure 39. Optical images of 304 SS 3 showing localized damage epicenter as well as
tear drop shaped discoloration pattern. Flow direction is from left to right. Major
scale divisions are inches.
The last stainless coupon, 304 SS 4, again displays a localized damage spot in
addition to the teardrop shaped discoloration extending down the coupon. In this coupon,
the damage spot is a much lighter color, in contrast with 304 SS 3 where the damage spot
was darker than the surroundings. There is also a ring of discoloration immediately
surrounding the damage location on this coupon, and streaks moving down the coupon
from the center of damage. These streaks appear to be due to material from the damage
area rolling down the face of the coupon. Higher magnification images of the damage
spot reveal a lightly textured appearance, where the majority of the surface is a lighter
color, unlike that found on the previous coupon where the majority of the surface was
darkened. Figure 40 shows optical images of the damage area and the streaks referenced,
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as well as profilometry data down the center of the coupon. This profile represents the
relative height of the coupon surface along the line on the image. Despite the visual
appearance of texture, the total height range is under 200 microns, with much of this
coming at the start of the damage spot. This also shows that the damage spot is a
protrusion, rather than a pit into the coupon. This is likely the buildup of a surface oxide,
which then begins to break off and slide down the coupon, creating the streaks seen.

Figure 40. Optical images and profile data for 304 SS 4. Top: Overall coupon and
higher magnification photo of streaks. Bottom: Higher magnification view of
damage center with profile data. Flow direction from left to right, major scale
divisions are inches.
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4.2.2 Cross Section
After the completion of surface analysis, at least one cross section sample was cut
from each coupon, mounted, polished and etched to examine microstructure. All coupons
were cut to examine the center of the damaged location in the YZ plane (see Figure 21,
section 3.2.2). The most damaged coupons (Inconel 3 and 304 4) were also examined
further down the coupon. Inconel coupons were etched with Hirsch etch, and stainless
coupons etched with Marbles’ reagent.
One sample of each material which was not tested in the RDE was also examined
as a control. This sample was cut from the same plate as the tested coupons in both cases,
and is displayed in Figure 41 with Inconel on the left and 304 Stainless on the right. This
shows a relatively equiaxed grain structure in both materials with small grains. The
rolling direction is also visible in both, evidenced by the faint lines that run roughly
horizontally through each sample.

Figure 41. Microstructures of Inconel (left) and 304 SS (right) that haven't been
tested in an RDE for a control.
Microstructural examination showed significant grain growth in all Inconel
coupons throughout most of the coupon. In all coupons, the far upstream (left) edge of
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the coupon had relatively small grains which quickly and sharply grew along a diagonal
line moving further downstream (away from the coupon holder) and away from the flow.
This line appears to correlate with the temperature increase in the coupon as the metal got
further away from the cold holder. Representative images from Inconel coupons 4 and 3,
the least and most damaged, are shown in Figure 42.

Figure 42. Micrographs of Inconel 4 (left) and Inconel 3 (right) showing grain
growth. Flow direction is left to right in both. In Inconel 4 the flow is at the top of
the image, in Inconel 3 it is at the bottom. Images taken in cross section at red boxed
section on coupon cartoon. Etched with Hirsch Etch.
The least damaged Inconel coupons (4, 2 and 5) showed similarly large grains
throughout the rest of the coupon. There was some texture within the grains and even
crossing over grain boundaries which appears to be carbides. The anisotropy due to
rolling also appears to have been removed due to the heat during the testing. Micrographs
of coupons 4 and 2 are shown in Figure 43.
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Figure 43. Micrographs of Inconel 4 (left) and Inconel 2 (right) showing large grain
structure present throughout the majority of the coupons. Images taken show the
red boxed area on cartoon of coupon. The dots on the microstructures are thought
to be carbides.
The most damaged coupon, Inconel 3, showed several different microstructures
throughout. The first sign of temperature was grain growth, as shown in Figure 44.
Moving down the coupon as the temperature increased, the grains took on a scaly
appearance, particularly nearest the damaged edge (Figure 44, top). This texture is similar
to the spots seen on Inconel 4 and 2, but covering the majority of the grains. Moving
further into the damage region, the grain structure shifts again. The grains lose their scaly
appearance and the grains appear to have a small amount of space between them, with the
grain boundaries showing up as not a single line but as a small channel. This indicates
that the grain boundaries preferentially melted out of the material. The grains slightly
further away from the flow edge are also full of what appear to be bubbles. This is seen in
Figure 44.
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Figure 44. Top: Microstructure of Inconel 3 at the beginning of the damaged region
(red box), showing a scaly appearance for the grains, especially those closest to the
flow edge. Bottom: Microstructure of Inconel 3 further into the damaged region
(yellow box) showing melted out grain boundaries which appear as channels.
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This microstructure carried through much of the coupon. At the downstream end
of the coupon, where it had been burned completely through, was evidence of complete
melting and re-solidification. Figure 45 shows a similar structure to that seen earlier in
the coupon with melted out grain boundaries, but on top of this layer is a dendritic
structure not previously seen. This is where metal had completely melted and recollected
before being exhausted out the back of the engine, and subsequently re-solidified with a
dendritic grain structure.

Figure 45. Image of Inconel 3 near the end of the damage area showing the dendritic
structure where molten metal solidified back onto the coupon (red boxed area).
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The microstructural effects of the three less damaged stainless coupons (2, 1, and
3) were all visually indistinguishable. Each coupon exhibited significant grain growth
similar to that found on the Inconel coupons. In addition to the grain growth, a thick
oxide layer was apparent on both sides of the coupon; that had been exposed to the flow,
and that which hadn’t. Figure 46 shows examples from 304 SS 3 of small and large
grains, the line of grain growth, and the oxide on the surface.

Figure 46. Images showing grain growth (top left, red boxed area), resultant large
grains and thick oxide layer (top right, yellow box), and original small grains
(bottom, blue boxed area) in 304 SS 3.
The fourth 304 coupon exhibited the same grain growth and thick oxide layers as
the first three, with one additional difference. In the center of the damage location, the
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large grains showed what looks like cracking. This is thought to be lathy δ ferrite which
formed due to the high temperatures experienced during the test [34]. This is shown in
Figure 47 below.

Figure 47. Micrograph of 304 4 showing large grains with lathy δ ferrite spread
throughout the surface taken at the boxed area on the cartoon of the coupon.

4.3 Scanning Electron Microscopy
Coupons were also examined on both the surface and in cross section with SEM.
This includes simple imaging at higher magnification than with optical microscopy, as
well as EDS in cross section. The coupons will be discussed in the same order here as
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they were in sections 4.2.1 and 4.2.2, going in order of least to most damage among
Inconel coupons, and then the same for the 304 SS coupons.

4.3.1 Surface
SEM examination of the surface of Inconel 4 confirmed the textured pattern that
was seen optically. However, the increased magnification in the top right image of Figure
48 revealed more clearly the cause of that appearance, that it was based on oxidation
patterns. This textured oxidation creates the textured appearance seen in the optical
images of the surface. EDS revealed these textured regions to be higher in iron and
manganese than the surrounding regions which were primarily chrome and oxygen. This
is likely because Inconel forms a protective passivation layer of chrome oxide [35]. When
this layer begins to be removed by the flow, it leaves behind a more textured region. This
region has less chrome because it was leached out to create the passivation layer, but still
has other elements such as iron and manganese which were left behind. Further exposure
time at elevated temperature might allow diffusion of chrome back to the surface.
It is noteworthy that in a nickel-based alloy, EDS does not pick up any nickel in
either spot. This was a common trend across the surface of the sample, including in other
locations tested. The most likely explanation for this is that there is no nickel left in the
surface oxidation layer, but that nickel would still be found deeper in the coupon. This
will be further investigated examining the coupons in cross section.
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Figure 48. SEM Images of Inconel 4 showing the textured oxide on the surface. The
region highlighted by the black oval in the top right image is an example of the
lighter appearing regions on the top left image. The EDS quantization data excludes
carbon and oxygen in order to clearly show the effects on the elements of interest.
Inconel 5 was the first coupon with more severe surface damage, clearly
evidenced by the SEM images in Figure 49. The primary damage spot was examined at
up to 7,500X original magnification and found to have a surface morphology resembling
a tree root studded with small crystals, on the order of a half micron in width. Further
removed from the epicenter of the damage, there was again evidence of oxidation which
had begun to flake off in pieces as long as 50 microns. EDS analysis of these regions
showed that the chrome concentration was lower near the area that had flaked off than
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underneath the flaked off area. Once again EDS did not detect any nickel, and this is
thought to be for the same reason as on Inconel 4.

Figure 49. Top: SEM Images of the damage location on Inconel 5 showing crystal
studded tree root morphology. Bottom: EDS data and corresponding SEM image
and location of a flaked off piece of oxide.
Inconel 1 showed significant damage visible to the naked eye. The center of the
damage contained a similar morphology to that seen in Inconel 5, but the damage
extended further and included patches where oxides had clearly flaked off. Figure 50
shows an SEM image of one such feature along with EDS data for three indicated points.
This shows that underneath the flaked off section the chrome is severely depleted, leaving
behind primarily nickel and iron. The top of the blister is primarily chrome and iron,
while the space next to the blister is over 80% chrome. This indicates that the background
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area (EDS spot 4) is mostly the chrome oxide protective layer, while the blistered area
has begun to run out of chrome to form the protective oxide. This causes a decrease in
protection and thus material starts to flake off. The area below the removed flake is
nearly chrome free since it has been leached out already. EDS did detect nickel on this
coupon, which it didn’t in the previous two.

Figure 50. SEM image and corresponding EDS data of a damage spot on Inconel 1
showing the various levels of chrome depletion.
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Inconel 3 shows multiple different surface morphologies at the different locations
on the surface. Figure 51 shows a melt droplet which has solidified on top of the tree root
morphology seen in previous coupons, along with corresponding EDS data. This melt
droplet still does not contain any nickel, and has lower chrome content than the tree root
structure underneath it. Similar melt droplets were not found on any of the other coupons.
Portions of the surface had a tree root morphology similar to that on the previous
coupons, and are not further discussed here to avoid redundancy.

Figure 51. SEM image and corresponding EDS spectra for a melt droplet on top of
the tree root structure in Inconel 3. Melt droplet is distinguished by the smooth
surface compared to the studded surface of the underlying structure.
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Inconel 3 also had regions with a relatively smooth and flat texture, unlike that
found in any other coupons. This region was also primarily chrome, but maintained a
significant level of manganese, as well as small amounts of aluminum and sulfur which
were not found elsewhere. While Inconel does contain some aluminum and often has
traces of sulfur, it is surprising for these to show up here and nowhere else. It is possible
that the sulfur was left behind as other elements were removed, or that the sulfur is
environmental contamination. The heavy concentration of chrome in this layer indicates
that it is still primarily a chrome oxide, but it has a different surface morphology than that
found in other locations on the coupon. These differences are likely due to different local
temperatures or air flow patterns. They also may be influenced by the amount of
manganese present changing the interfacial energy. This is shown in Figure 52.

Figure 52. SEM image and corresponding EDS data of relatively smooth surface
morphology unique to Inconel 3.
Higher magnification examination of 304 SS 2 in the SEM revealed a surface
completely covered in corrosion product. The texture of the surface varied in size,
creating the color patterns seen on the optical microscope. EDS examination of these
differing textures revealed variations in composition, with the finer texture containing
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much higher levels of chrome compared to the larger oxide flakes. Sodium was also
present; this is likely environmental contamination. Figure 53 shows an SEM image of
the start of the damage area taken at 1000X original magnification which shows two
different textures and the EDS data which correlates with them.

Figure 53. SEM image of the damaged area on 304 SS 2 showing distinct region of
fine and coarse textured corrosion products with corresponding EDS data.
Examination of 304 SS 1 under SEM was mostly similar to that of 304 SS 2, with
the notable addition of the blistering on the surface. EDS examination of the blister and
the immediately surrounding area did not reveal significant compositional differences. It
did show that the chrome and nickel were both severely depleted, as the EDS quant
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detected less than 5% nickel and less than 2% chrome in each location tested. This is
significant for an alloy which is specified to have at least 8% nickel and 18% chrome.
The fact that the chrome is depleted even worse than the nickel is significant, as generally
at lower temperatures the nickel is the primary corrosion inhibitor, while at higher
temperatures chrome and aluminum become more important. Figure 54 shows an SEM
image of a blister and the surrounding area, as well as matching EDS data.

Figure 54. SEM Image of an oxide blister on 304 SS 1 and corresponding EDS data
showing depletion of nickel and chrome.
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304 SS 3 did not have any blisters to examine, but did have different
morphologies of corrosion. High magnification SEM revealed some to be a larger, almost
rock candy like structure, with other parts having a much smaller and flakier appearance.
Examination with EDS again revealed a complete lack of nickel in both morphologies,
with varying chrome contents. Some of the fine morphology was much richer in chrome
than the original alloy, indicating that this was a chrome rich oxide which hasn’t yet
broken free from the surface. Other locations were very sodium rich, again thought to be
the result of environmental contamination. Figure 55 shows an SEM image showing the
rock candy like structure towards the bottom of the image, with a much finer surface
structure on the top half of the image. EDS data is also included.

Figure 55. SEM image of 304 SS 3 showing dual textured surface morphology with
corresponding EDS data.
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SEM examination of 304 SS 4 revealed multiple different surface morphologies,
including one unique to this coupon. The damage spot contained areas which had thin
wafers of oxide which appeared to be flaking off. These wafers were relatively smooth
and left a slightly rougher surface underneath when they flaked off. The wafer was nearly
pure iron, with less than 3% of nickel and chrome combined. Right next to this where the
wafer appeared to have broken off still had excess nickel and a significant (though less
than original) amount of chrome. This indicates that the wafer was iron oxide where the
corrosion preventing nickel and chrome had been completely depleted, while the
underneath layer still had some nickel and chrome oxides and thus were still tighter to the
base metal. This is shown in Figure 56.

Figure 56. SEM image of iron oxide wafer on surface of 304 SS 4 and corresponding
EDS data.
In addition to this wafer structure, 304 SS 4 showed a similar mixture of coarse
and fine corrosion product to that were seen on previous stainless coupons, which had
similar EDS readings. Also present were larger plate like surfaces which were extremely
smooth, even at 1000X magnification. One such instance is shown in Figure 57, with a
corresponding EDS map that was taken of the smooth plate and the surrounding finely
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textured corrosion product. While iron, manganese and chrome were all detected, they
are not at all evenly distributed, with the smooth plate having much less chrome than the
textured region.

Figure 57. Top: SEM images showing different surface morphologies present on 304
SS 4. Bottom: EDS Map of the yellow boxed area on the top left image. Gray dots
indicate presence of chrome, showing near complete chrome depletion on the left
side in the smooth plate.

4.3.2 Cross Section
Cross sectioned SEM examination was focused primarily on compositional
gradients. The surface EDS analysis showed severe depletion of several elements near the
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surface, and EDS in cross section was used to examine how deep this depletion went
through the coupons.
Selected samples were analyzed in cross section using EDS to try and quantify the
depth of elemental depletion and enrichment. Inconel coupons 1, 3, and 4 were chosen
for this to examine a range of damage levels. Stainless 2 and 3 were chosen for analysis
using the same logic. The same samples that were examined for microstructure were repolished and then carbon coated for analysis. Point analysis was conducted at a relatively
low (1-200X) magnification and then at a high (2000X) magnification in order to
determine the uniformity of composition moving further away from the flow edge.
The Inconel coupons exhibited a relatively thin oxidation layer, no more than 5
microns thick even on the most damaged coupons 1 and 3. EDS quantification was
performed excluding carbon and oxygen in order to get more representative results, and
found this oxide layer to be primarily (85-90%) chrome in each of the samples tested,
with nickel, manganese, iron, and silicon making up the rest. This indicates that the layer
was chrome oxide, which is the protective layer that Inconel is designed to form. Moving
just a few microns away from this oxidation layer, the composition became uniform in
each coupon, with a distinction between Inconel 1 and 4 (less damaged) and Inconel 3
(most damaged). In Inconel 1 and 4, EDS detected compositions of approximately 50%
nickel, 20-22% each of iron and chrome, and the remaining 8% of molybdenum. In
Inconel 3, the composition was closer to 70% nickel with less than 10% iron, and 15-18%
chrome, with molybdenum down to 3-4%. Figure 58 shows SEM images and EDS
quantification data for Inconel 4, Figure 59 shows SEM images and EDS data for Inconel
3.
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Figure 58. SEM images of Inconel 4 in cross section showing the thin oxide layer,
with corresponding EDS quant data.

Figure 59. Cross sectioned SEM images of Inconel 3 with corresponding EDS data.
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This data indicates that the chrome in the Inconel is functioning as intended,
creating a protective oxidation layer on the surface. In the less damaged samples, the
nickel is somewhat depleted throughout the samples indicating that it was preferentially
vaporized. This is not seen in the most damaged coupon, Inconel 3. This is likely because
true melting occurred, which caused a rapid removal of material rather than a slow
removal by oxidation. The metal was removed in bulk, rather than through slow
oxidation which would lead to preferential vaporization of particular elements.
Stainless coupons 2 and 3 were also examined with EDS. Each of these coupons
had a much thicker oxide layer, as much as nearly 100 microns thick. The oxide layer
consisted primarily of iron and chrome, while the bulk material contained a significant
amount of nickel as well as a few percent of manganese. In both cases, the composition
was nearly uniform starting just a few microns in from the oxide layer. Figure 60 shows
SEM images and corresponding EDS data from 304 2. The oxide layer is much heavier in
iron than would be expected, as stainless steels are designed to have the nickel and
chrome form protective films on the surface. This is likely due to exceeding the intended
service temperatures by such a large margin, as the nickel and chrome have vaporized out
of the oxide layer. The bulk material still has appropriate amounts of nickel and chrome,
indicating that they were not able to diffuse to and out of the surface of the coupon.
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Figure 60. SEM images and corresponding EDS data from 304 3 showing thick
oxide layer.

5

CONCLUSIONS

The original impetus for this research was to attempt to find a correlation between
skin temperatures and wear rates in a detonative environment. Life predictions based on
accelerated testing require two things to be valid: the damage mechanism cannot change
during a longer life, and there must be a measurable amount of damage (or failure)
achieved in the given test time. The results of this testing did not meet either of those
criteria. Only one coupon tested reached failure or a measurable amount of damage. In
doing so, the damage mechanism of this coupon changed from oxidation to melting. This
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showed threshold behavior, where at any temperature below a certain critical value, the
material would indicate a life that is orders of magnitude longer than could be tested here.
As soon as the critical temperature was reached, the new damage mode (melting) was
opened and catastrophic failure occurs in seconds.
For these time scales, the damage rate was effectively zero below the critical
temperature; this may not hold true at larger time scales. All coupons exhibited grain
growth, which would cause a decrease in strength according to the Hall-Petch
relationship. All coupons also had much more oxidation than would be expected in a less
extreme operating environment, and corresponding localized elemental depletion. At
longer time scales, this could lead to weakening and further damage. In order to truly
determine a life limit for these coupons, longer duration testing is needed. Due to the
significant temperature gradient seen throughout the coupons, it would also be beneficial
to use larger coupons in order to reduce the impact of the cold edges of the coupon
adapter.
This testing does indicate that higher thermal conductivity may be a benefit for
RDE materials, though that may be negated by the increased difficulty in compatibility
with the rest of the engine/aircraft. Even without having a small coupon which is cooled
on all sides, high thermal conductivity will allow the walls to wear more evenly and pass
more heat out of the system, enabling longer life. Further testing should focus on
materials with high thermal conductivity, and utilize protective thermal and
environmental barrier coatings as well. Thermal modeling could be used to allow a more
accurate determination of the hot side surface temperature. Thermal barrier coatings with
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excellent adhesion should continue to be explored, as well as CMC or refractory based
systems.
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